A simple and low-cost fabrication method for paper-based diagnostic devices (PBDDs) is described in this study. Streetavailable polymer solutions were screen printed onto filter papers to create hydrophobic patterns for fluidic channels. In order to obtain fully functional hydrophobic patterns for fluids, the original polymer solutions were diluted with butyl acetate to yield a suitable viscosity range between 30 -200 cP for complete patterning on paper. Typical pH and glucose tests with color indicators were performed on the screen printed PBDDs. Images of the PBDDs were analyzed by computers to obtain calibration curves for pH between 2 and 12 and glucose concentration ranging from 10 -1000 mmol dm -3 . Detection of formaldehyde in acetone was also carried out to show the possibility of using this PBBD for analytical detection with organic solvents. An exemplar PBDD with simultaneous pH and glucose detection was also used to demonstrate the feasibility of applying this technique for realistic diagnostic applications.
Introduction
Because of their low-cost, ease-of-use, portability, and disposability, paper-based microfluidic devices (PBDDs) have attracted wide attention; they are especially suitable for point-of-care in resource-limited locations. Many paper-based devices have already been developed for fast diagnostic services, [1] [2] [3] such as electrochemical sensor devices 4, 5 and microfluidic devices for bioanalysis. [6] [7] [8] In these devices, fluidic channels are regularly built by creating patterns of hydrophobic barriers on paper to direct the motion of test fluids with capillary forces so that pumps or external power tools are not required. Various ways to create hydrophilic/hydrophobic patterns on paper have been proposed in the past few years. Martinez et al. [9] [10] [11] employed photolithography to generate hydrophobic patterns on paper and create fluidic channels. Further, they were able to assemble three-dimensional (3D) microfluidic structures by stacking multilayers of planar microfluidic channels. 9 While high resolution fluidic channels (~200 μm) are readily produced via photolithography, expensive photomasks and instruments are required during the fabrication process. To reduce costs, inkjet printing methods are used to generate microfluidic channels on paper with nearly the same precision and flexibility. 12, 13 In later research, a low-cost screen printing method using melting wax was proposed to rapidly create micro-patterns on paper. 14 Nilghaz et al. further extended the same skill to produce fluidic channels on cloth. 15 To reduce the labor in mask preparation for the screening printing method, a computerized wax printing method 14 was applied to fabricate fluidic channels on paper with a feature size of about 300 μm. This wax printer technique has then been extensively used in research for PBDDs because of its great flexibility in creating fluidic pattern designs.
Among aforementioned fabrication methods, wax printing methods are the most accepted and provide a good platform to manufacture PBDDs for concept-proof. The computer-aided wax printing method, despite having great flexibility in creating pattern designs, requires a commercial printer and substantial associative facility costs. Moreover, the wax printer can only print at a speed of several pages per minute and is less practical for large-scale mass production. On the other hand, although the screen printing method needs a mask preparation process and lacks printing flexibility, it provides a repetitive printing tool that allows mass production with great reliability. The screen printing procedure is widely used to fabricate various electrodes for sensors and detectors. 16, 17 Moreover, different inks, such as wax, 18 carbon ink, 19 chitosan, 20 and graphene, 21 can be further screen printed on electrodes to form multilayer diagnostic devices. Although screen printing with wax has shown its potential in fabricating PBDDs, 14 a heating post-process is necessary to develop the hydrophobic barriers. The major goal of this study was to seek a more practical approach to simplify the screen printing method, so that one not only can skip the costly heating process but can also consistently produce PBDDs repetitively in large quantities with reasonable precision at a nominal cost. Beyond the cost issue, the compatibility of wax printed PBBDs with organic solvents has been one of the long-standing issues in this community. A solution to solve this issue is also of great necessity to extend the usage of PBBD for more general biomedical or analytical services. Due to the chemically inert nature and low solubility of polymers applied in this study, the fabricated PBBD may give answers to this compatibility issue. In the following sections, we will outline the method and show a potential improvement for broadly used bio-analytical systems.
In this study, we will elucidate a simple screen printing method for the creation of μPADs without heating or additional post treatments. Our proposed method consists of only two steps: (i) design patterns/create mask; and (ii) screen print patterns on paper surface.
Two commercially available polymeric materials, varnish paint solution and roof sealant, were tested to demonstrate the flexibility of this method on printing material choices. Screen printing precision and resolution limits are also discussed herein. Typical pH and glucose tests with color indicators will also be performed on the screen-printed PBDDs to demonstrate the feasibility of applying this technique for realistic diagnostic applications. Furthermore, an exemplar detection of formaldehyde in acetone will also be carried out to demonstrate the capability of applying this PBBD for analytical measurements with organic solvents.
Experimental

Materials and equipment
Two polymer/solvent pairs: varnish/butyl acetate (both purchased from First Chemicals Co., Taiwan) and roof sealant/paint thinner (both purchased from a local hardware store) were mixed at various ratios to prepare inks for screen printing. The varnish was composed of polyurethane and butyl acetate. The roof sealant (KSF Hardware Co., Taiwan) was a mixture of polyacrylic acid resin and paint thinner (an organic mixture mostly composed of toluene, butyl acetate, and ethyl acetate). The viscosities of the polymeric inks were measured by a Brookfield DV-III Ultra Rheometer. A 1000 ppm methylene blue (Sigma-Aldrich, USA) aqueous solution was used for fluidic channel tests. To prepare the solution for pH testing, we used 0.10 g of Bromothymol blue (BTB, First Chemical Works) in 8.0 cm 3 1 mol dm -3 NaOH diluted with water to 250 cm 3 . Precisely 2 mm 3 of the prepared BTB solution was then added into each hole in the 96-well pattern PBDD and dried. Glucose sensors were prepared as those in the literature. 8 First, 2 mm 3 of 0.6 mol dm -3 potassium iodide (KI, J. T. Baker) solution was added into each paper reservoir in the 96-well pattern PBDD. Precisely 2 mm 3 of glucose oxidase solution (10 units/cm 3 ) was then immobilized into each reservoir, and the test plates were dried at room temperature. To prepare the test plates for formaldehyde detection, 1.5 mm 3 of Schiff's fuchsin-sulfite reagent (Sigma-Aldrich, USA) was added into each paper reservoir in the 96-well pattern PBDD, dried for 20 min, and stored overnight in the refrigerator.
Then, 1.5 mm 3 of formaldehyde/acetone solution (both purchased from Mallinckrodt Chemicals) at different concentrations was added into each reservoir and dried at room temperature. To examine the repeatability and reproducibility of analytical measurements with PBDD, at least eight sample reservoirs were tested for each measurement and the resulting scanned images were collected to evaluate the average blue intensity for pH testing and average gray intensity for both glucose and formaldehyde detections.
Screening printing procedure
A black and white image, created using a computer and AutoCAD, was printed on transparency film using a regular inkjet printer (Epson CX9300F). Black areas were indicative of hydrophobic features, while white areas were indicative of hydrophilic features. This transparency was used as a mask with screens of 200 nylon mesh and thickness of 117.5 ± 12.0 μm on wood frames (purchased from a local stationery store) in the photolithographic exposure process. The proper amount of ink (~20 cm 3 ) was added on the framed screen ( Fig. 1) , and transferred manually onto Whatman No.1 filter paper (Fisher, USA) to create hydrophobic features. The printed papers were dried at room temperature for about 2 h until the solvent evaporated completely. 22 
Pattern formation and image analysis
Inks of various viscosity or dilution were used to print on paper. Precisely 10 mm 3 of methylene blue solution was deposited onto the hydrophilic features on a 96-well pattern ( Fig. 2 ) PBDD to examine ink penetration. After liquid deposition, the papers were dried, and images of resulting blue patterns were captured by a scanner (Epson CX9300F) at 600 dpi resolution. The image files were then analyzed by MATLAB.
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Results and Discussion
Ink penetration and pattern formation
To understand the effects of ink formulation on printing hydrophobic patterns, varnish was diluted with butyl acetate at different ratios and printed onto filter paper. Figure 2 shows part of the top view images from a dry 96-well PBDD after methylene blue (MB) solution deposit. Precisely 10 mm 3 of MB solution was transferred to each hydrophilic hole to create a liquid bulge over the hole. The overloaded MB solution seeped into all the uncoated (hydrophilic) area and dried after 30 min. The dyed patterns were then examined to check the hydrophobic efficiency of the printed patterns. Due to the large viscosity, pure varnish was unable to penetrate through the filter paper, leading to incomplete hydrophobic patterns in the un-printed side. Therefore, after MB solution deposition, smudges were seen in the back side of the printed paper (Fig. 2) . In our manual printing process, ink was only swiped across the screen with a scraper, and hence ink absorption into paper was, therefore, mostly driven by capillary action; the penetration depth (h) can be described by the Washburn equation,
where σ is the ink surface tension/mN m -1 , r is the pore radius of paper/m, t is the contact time/s, and η is ink viscosity/Pa s. Surface tension reduction depends on the replacement of solvent molecules at the interface by the added molecules. 25 Because of the compatible organic nature of the solvent/polymer pair, the surface tension remained unchanged regardless of the varnish concentration ( Fig. 3(a) ). Thus, the ink wicking process is solely controlled by polymeric ink viscosity. To facilitate ink penetration, varnish was diluted to various ratios for viscosity reduction. As shown in Fig. 2 , as the viscosity decreased, i.e., at lower varnish concentration, ink penetration into filter papers improved.
When an 85% dilution was used, smudge characteristic of higher viscosity inks disappeared from the back side of the paper. When the viscosity was too low (see the case of 50 vol% in Fig. 2 ), lateral ink diffusion occurred, and much smaller hydrophilic areas were created.
To determine the optimum viscosity or dilution ratio, areas of the hydrophilic reservoirs in the 96-well pattern PBDD printed with polymeric inks of different viscosity were measured and summarized in Fig. 3 . The wetted blue areas on the printed side and the back side were measured separately (see Fig. S2 (Supporting Information) for detail sample pictures) to ensure thorough penetration of polymeric inks through the filter paper. As previously mentioned, when the viscosity was larger than 200 mPa s (volume concentration > 85%), the fluid could not penetrate through the paper thoroughly, and the areas on the reverse side were much larger than that of the printed side. As the viscosity was reduced to ~200 mPa s, the ink began to go through the filter paper and the areas on the printed and back sides converged. While the convergence of hydrophilic areas showed through development of the hydrophobic barrier, some lateral diffusion of inks still existed, and thus the printed area was smaller (~95%) than the original design (open area = 0.174 cm 2 ). As the ink viscosity was lowered to points beyond 20 mPa s (~50% dilution), lateral diffusion became fairly significant and lead to the creation of much smaller print areas than the original design. To ensure that there is enough polymeric material wicked into the pores between cellulose fibers for hydrophobic barrier creation, the largest concentration without backside smudge, 85% varnish, was used for PBDD fabrication in the following sections. For printed PBBD printed at the optimum ink viscosity, the hydrophobic/hydrophilic boundary is quite sharp (Fig. S2, Supporting Information) and can contain a large amount of aqueous dye solution.
To demonstrate the versatility of this approach to create hydrophobic patterns with regular polymeric inks, similar experiments were also carried out using a commercially available roof sealant solution. The sealant was composed of polyacrylic acid resin and showed hydrophobicity after being painted and dried on a glass plate. Because the optimum viscosity for the printing procedure using filter paper has been identified previously as ~250 mPa s, the viscous roof sealant solution was diluted with paint thinner to form a solution of similar viscosity (Table 1) . After printing with the roof sealant ink, the printed areas on filter paper showed good hydrophobicity with a contact angle larger than 90 degrees (Fig. S3, Supporting  Information) . The printed PBDD has nice clear circular patterns on both sides (Fig. 2(b) ), and the printed/nominal area ratio using this solution was also close to unity (Table 1) , indicating the great hydrophobic efficiency of the PBDD created (printed) with commercially available roof sealant.
Resolution of printed patterns
The printed PBDD can have a minimum feature hydrophilic channel size of 500 μm. As shown in Fig. 4 , a large central reservoir was connected to satellite reservoirs with hydrophilic channels. To determine the resolution of screen printed samples, the nominal widths (the width on the screen) of hydrophilic channels were varied in the range of 100 -800 μm. 24 Precisely 10 mm 3 methylene blue solution was added into the central reservoir, and the liquid wicked along the hydrophilic channels to the satellite reservoirs. Here we defined the probability as the ratio of the number of the well-printed channels (channels that were not blocked by the penetrating inks) to that of the total printed channels. For channels with nominal width smaller than 500 μm, methylene blue solution was unable to wick through the channels, and thus the connected satellite reservoirs remained uncolored. For channels with nominal width larger than 500 μm, most were functional and fluids could wick thorough the channels. It is worth noticing that the printed width of these channels was almost the same as the nominal width in the screen.
Solvent compatibility
The printed PBDD were compatible with aqueous solutions. Solutions from pH = 1 to 12 were used to test durability and the printed PBDD showed good resistance under these conditions. The PBDDs made from varnish were also able to resist several organic solvents within a short time. After soaking in acetone for 5 min, the definitions of the fluidic channels were still able to well direct fluidic flows for aqueous solutions (Fig. 5(a) ), indicating that solvent corrosion has little effect on the printed material (varnish). On the other hand, the solvent phobicity difference between the varnish-printed and blank areas was minimal, i.e., the contact angles are fairly low for organic solvents over the varnish coating. Thus, slight overflow of organic solvents can lead to large liquid spread over the paper (Fig. 5(b) ). Smudges of light blue color can be observed after dropping ~1.5 mm 3 of organic solvents. To further examine the degree of corrosion for varnish coatings after applying organic solvents, the PBBDs dyed by organic solvents were dissected and closely examined with an optical microscope. From the cross sectional analysis (Fig. 5(c) ), the solvents do not corrode the varnish coating before being dried. Thus, to create PBDD for test fluid with organic solvents, one can use either a coating with large contact angle for organic solvents or a limited volume of test fluids to prevent the over spill on the PBBD.
pH measurements
Bromothymol blue (BTB) is a pH indicator for weak acids and bases. It is most commonly used in applications measuring acidity at relatively neutral pH (near 7) conditions, where BTB color changes dramatically beyond pH 7.6, such as managing pH of pools and fish tanks. Precisely 2 mm 3 of the NaOH/HCl solutions at different pH were added to paper reservoirs with dried BTB indicator.
The detection and quantification approaches for pH measurement were similar to that for well-sized measurements. The only difference was that the average blue intensity was used to quantitatively describe the color change of BTB from yellow to blue as the solution basicity increased. As shown in Fig. 6 , the color changes from yellow at pH = 2 to green at pH = 7, and jumps rapidly to blue once the pH exceeds 8. The blue intensity at each pH value was measured to calibrate pH measurements. The calibration curve shows a standard S curve of indicator reaction with a detection range between pH 2.0 to 12.0.
Glucose measurements
A chain reaction with a color change indicator was used for glucose detection. First, glucose was oxidized by glucose oxidase in the presence of water and oxygen to produce gluconic acid and hydrogen peroxide. The hydrogen peroxide was then reduced to water with concomitant oxidation of iodide to iodine. To test the effectiveness of the above detection mechanism, reaction agents (see Experimental section for details) were added in a 96-well pattern PBDDs and dried. Then 2 mm 3 glucose solution of various concentrations was added into each well, and the mixtures were allowed to sit for 10 min for color development. By observing the dark brown color change of iodine, a calibration curve of glucose concentration was established. To quantify the paper device signal, the paper devices were scanned by a scanner, and the scanned images were processed to analyze the color depth of the well. The average grey scale of the images was used to represent the amount of substrate reacted. This modified signal was defined by the mean grey scale of the sample well subtracted by the mean grey scale of the control blank reservoir. Eight samples were tested for each concentration. The calibration curve of glucose is shown in Fig. 7 with glucose concentration ranging from 10 to 1000 mmol dm -3 . The measured grey scale can be fitted well with the Hill equation as:
where K is the measured grey scale, Kmax is the maximum value of grey scale, C is the concentration of glucose, k is the apparent equilibrium constant, and n is the Hill coefficient. The fitted Hill coefficient (n = 0.94) is smaller than unity, showing that glucose oxidase might be toxicated by the excessive glucose molecules during the color development process, and reduce the glucose conversion rate. Thus, a maximum grey scale value of Kmax = 93.73 was obtained in this measurement due to the reaction rate limitation. Nevertheless, a calibration curve can be obtained for this measurement method and has a wide detection range between 10 to 1000 mmol dm -3 .
Analytical detection with organic solvent
To demonstrate the capability of applying this PBBD for analytical measurements with organic solvents, an exemplar detection of formaldehyde in acetone was carried out. Most alcoholic beverages contain a small amount of methanol. 26 However, illicit alcoholic drinks containing excessive methanol is harmful to the human body. One of the common tests to detect the methanol in alcoholic drinks is to oxidize methanol to formaldehyde first, and then detect the converted formaldehyde concentration using Schiff reagent. The Schiff reagent is the reaction product of a dye formulation, such as fuchsin and sodium bisulfite. Schiff's reagent combines with aldehydes to make a new compound that attaches to the tissue structure, producing a red-colored product. 27 The mechanism is the same for all aldehydes in tissues. Formaldehyde/acetone solution (1.5 mm 3 ) of various concentrations was added into each well of the Schiff's test plate, which was allowed to sit for 5 min for color development. First, a control experiment with pure acetone was performed and showed no color development, indicating that there was no leaching formaldehyde from the varnish coatings. After adding acetone solutions containing formaldehyde, recolor development was observed as shown in the inset pictures in Fig. 8 . To quantify the red color changes with various formaldehyde concentrations, similar approach as 
Multiple detections
An example of a simple multiple-detection test paper is shown in Fig. 9 . First, BTB indicator and glucose sensing agent were separately prepared in the paper reservoir B and C. Reservoir A worked as a control blank reservoir. Eight microliters of 300 mmol dm -3 glucose solution with a pH value of 7.4 was then added into the central reservoir D and gradually wicked toward the perimeter reservoirs. The color in reservoir changed after the addition of glucose solution and showed the colors for pH and glucose measurements. With the calibration curves in Figs. 5 and 6, the readings from the multiple detection test are pH = 7.7 (B = 144) with a glucose concentration of 279.5 mmol dm -3 (K = 78). Both readings are fairly close to the actual values used in the test, showing the feasibility of applying this method on diagnostic devices with simultaneous multiple tests.
Conclusions
In summary, we have demonstrated a simple and inexpensive fabrication method for PBBDs using a regular screen printing procedure. Patterns of a street available polymer solution were screen printed onto filter paper to create hydrophilic channels and reservoirs. Ink penetration into the paper was carefully examined to determine the optimum ink viscosity. Once printed and dried in a regular lab environment, the fabricated hydrophobic barriers on these printed paper-based devices demonstrated great hydrophobicity on both sides. Due to the nature of the ink wicking process, ink can spread laterally and reduce printing quality. Thus, printed fluidic reservoirs with hydrophobic boundaries have a printed area ~95% smaller than the nominal size on screen. For fluidic channels, a minimum width of 500 μm can be accurately fabricated to effectively direct fluid motion in paper. Exemplar pH and glucose assessment with color indicator were also performed to obtain calibration curves for pH between 2 and 12 and glucose concentration ranging from 10 -1000 mmol dm -3 . Experiments to detect formaldehyde in acetone, which has a concentration ranging from 33 to 330 mmol dm -3 , were also carried out to show the possibility of using PBBD for analytical tests with organic solvents. Finally, a PBDD for simultaneous pH and glucose detection was used to demonstrate the capability of applying PBDDs for quick point-of-care measurement. 
